One sentence summary: New data is presented on roles of transcriptional regulator Znf1 in alternative carbon metabolism at a molecular level to advance knowledge on regulatory control of complex metabolic pathways in yeast.
INTRODUCTION
Zinc cluster proteins, or binuclear cluster proteins, are found in several fungal species, including model yeasts as well as pathogenic fungi of humans and plants (MacPherson, Larochelle and Turcotte 2006) . The Saccharomyces cerevisiae genome contains over 50 zinc cluster proteins that exhibit a well-conserved signature motif comprised of the amino acid sequence Cys-X 2 -Cys-X 6 -Cys-X 5-12 -Cys-X 2 -Cys-X 6-8 -Cys, which is located within the DNA-binding domain (DBD) (Schjerling and Holmberg 1996; MacPherson et al., 2006) . The folding of the zinc cluster motif (Zn 2 Cys 6 ) is important for DNA binding and target recognition. The majority of zinc cluster proteins act as transcriptional regulators of genes, which are involved in a wide variety of cellular processes, including primary and secondary metabolism, meiosis, multi-drug resistance and stress responses (MacPherson et al., 2006) . The most notable member of the Zn 2 Cys 6 family of transcriptional factors is Gal4, an activator of genes involved in galactose transport and catabolism (Pan and Coleman 1990) . Since the characterization of Gal4, other zinc cluster proteins have been extensively investigated.
In the presence of glucose, the most preferred carbon source for S. cerevisiae, the expression of genes encoding enzymes for utilization of alternative sugars or non-fermentable carbon source is repressed (DeRisi, Iyer and Brown 1997) . This phenomenon, known as 'glucose catabolite repression ' (van Dijken et al., 1993; Santangelo 2006; Conrad et al., 2014) , involves genes in several categories, including regulatory proteinencoded genes, gluconeogenesis, the glyoxylate shunt and the tricarboxylic acid (TCA) cycles. In addition, genes required for catabolism of alternative sugars such as galactose, maltose and sucrose, for example, are also controlled by catabolite repression (Schuller 2003; Fendt and Sauer 2010) . The expression of the above genes has also been shown to be co-regulated with genes in several metabolic pathways, including respiration, energy production, oxidative phosphorylation as well as genes related to synthesis of storage carbohydrates such as trehalose and glycogen, cytochrome-c related genes, mitochondrial biogenesis genes, genes involved in protein translation and heat shock (DeRisi et al., 1997) . Thus, transcriptional changes during glucose depletion or the diauxic shift are complex, involving integration of multiple highly regulated metabolic and signaling pathways.
Changes in gene transcripts are often accompanied by alterations in organelles necessary for the utilization of alternative carbon sources (Visser et al., 1995; Kohlwein, Veenhuis and van der Klei 2013) . The mitochondrion is the central site for energy and ATP production during respiration, while the peroxisome is important for oxidation of fatty acids and glyoxylate cycle. These organelles are also prime locations of many metabolic enzymes involved in the generation of metabolic precursors such as amino acids, lipids, heme and iron-sulfur clusters (ShakouryElizeh et al., 2010) . The biosynthesis of mitochondrial and peroxisomal proteins varies with carbon sources available (Minard and McAlister-Henn 1999) . Mutant strains with defective mitochondrial or peroxisomal functions fail to utilize some specific substrates, including gluconeogenic ones (Hampsey 1997) . For example, some pet mutants lose respiratory function as a result of defective mitochondrial morphology (de Pinto, Malladi and Altamura 1999) . Peroxisome proliferation is induced in the presence of fatty acids while its degradation occurs after the shift from oleate to glucose, due to specific autophagic degradation known as pexophagy (Sibirny 2014) .
A complex network of multiple regulators precisely governs the transcriptional control of alternative carbon source utilization during glucose limitation, or upon the diauxic shifts. Upon glucose depletion, repressor Mig1 is deactivated by the Snf1 kinase, which then phosphorylates and activates gluconeogenic regulators Cat8, Sip4 and Rds2. These factors in turn co-regulate genes required for the utilization of alternative nonfermentable carbon source (Vincent and Carlson 1998; Haurie et al., 2001; Schuller 2003; Soontorngun et al., 2007) . Cat8 and Sip4 act through the carbon source-responsive elements (CSREs) on the promoters of glucose-repressible genes, while Rds2 binds to CSREs in vitro as well as other DNA elements in various genes as shown by ChIP-chip analyses (Roth, Kumme and Schuller 2004; Tachibana et al., 2005; Soontorngun et al., 2007 Soontorngun et al., , 2012 . Oaf1 and Pip2 are another pair of zinc cluster regulators that control the expression of glucose-repressible genes in the β-oxidation of fatty acids and peroxisomal biogenesis (Karpichev and Small 1998) . In addition, the zinc cluster Tog1 has recently been shown to mediate the expression of some genes involved in oleate utilization and oxidative stress responses (Thepnok, Ratanakhanokchai and Soontorngun 2014) . Besides the zinc clusters, the transcription factor Adr1 of the Cys 2 His 2 family also plays a role in the regulation of genes involved in ethanol, acetate and fatty acid metabolisms, as well as peroxisomal biogenesis (Tachibana et al., 2005) .
Here, we present data on the study of Yfl052w (also referred as Znf1), a poorly characterized zinc cluster protein, as a new player in the network of alternative carbon source utilization. Among other zinc cluster deletion strains, the yfl052w ( znf1) strain displays many interesting phenotypes, including impaired growth on glycerol and lactate and increased sensitivity to elevated temperature and to the membrane perturbing agent calcofluor white (Akache, Wu and Turcotte 2001) . The amino acid sequence of Znf1 shows high sequence similarity to that of regulatory genes in MAL families (e.g. MAL13, MAL33 and YPR196W), located at the subtelomeric regions (Brown, Murray and Verstrepen 2010) . Cells lacking ZNF1 show defective metabolism of disaccharides, including maltose (Brown et al., 2010) . To elucidate the roles of Znf1, chromatin immunoprecipitation (ChIP) and quantitative gene expression studies were employed along with enzyme activity assays and morphological analysis of organelle structure.
MATERIALS AND METHODS

Yeast strains and culture medium
Phenotypic and transmission electron microscopy (TEM) analyses utilized the wild-type S. cerevisiae strain FY73 (Winston, Dollard and RicuperoHovasse 1995) and the isogenic znf1 strain yfl052w::HIS3) . The zinc cluster motif located in the DBD was deleted by PCR as described (Akache et al., 2001) . The wild-type BY4742 (MATα; his3 1; leu2 0; lys2 0; ura3 0) (Brachmann et al., 1998) and znf1 strain (MATα; his3 1; leu2 0; lys2 0; ura3 0; yfl052w::kanMX4) were used for ChIP, gene expression and microscopic analyses. The ZNF1 open reading frame was N-terminally tagged at its natural chromosomal location with triple hemagglutinin (HA) epitopes as described (Schneider et al., 1995) . The tagging cassette was obtained by PCR using the oligos (5 -TTGTCAAAAGAGCTAAAGTAAAAGAGCTCTAGTTCGAAGATGAGG GAACAAAAGCTGGAG-3 and 5 -TCGACGAATG CAACAACAGTCG CACGCTTGTGTATTGCGGGCTAGGGCGAATTGGGTACC-3 ) with the plasmid p3XHA as a template. The correct integration of the HA epitope was confirmed by gene-specific PCR and DNA sequencing of PCR products (data not shown). Expression of tagged Znf1 was verified using western blots and the tagged Znf1 was functional when tested for growth on glycerol medium (data not shown).
Yeast strains were routinely grown in rich YP-dextrose (YPD) medium containing 1% yeast extract, 2% bacto-peptone and 2% dextrose. Selective medium for transformations (SD) contained 0.67% yeast nitrogen base without amino acids and 2% glucose. 
Gene induction and quantitative realtime-polymerase chain reaction (qRT-PCR)
Wild-type BY4742 and znf1 strains were cultured in YPD medium containing 2% glucose to an approximate OD 600 of 0.7. Cells were then washed twice in distilled water, transferred to fresh YPD medium containing 2% glucose or 3% ethanol as the sole carbon source and grown for an additional hour. For osmotic stress, wild-type BY4742 and znf1 strains were cultured in YPD medium containing 2% glucose to an approximate OD 600 of 0.7; then, a final concentration of 0.5 M of sodium chloride (NaCl) was added to the medium. Cells were continued to grow for an additional of 30 or 60 min. Total RNAs were extracted with hot phenol as described by Schmitt, Brown and Trumpower (1990) and purified using the RNeasy Mini Kit (Qiagen, Hilden, Germany). cDNA synthesis was carried out with the Super Script TM III first-strand synthesis kit (Life Technologies, USA). The qRT-PCR assays were performed using an ABI 7500 Real-Time PCR System (Applied Biosystem, USA) with ABI 7500 system software for analysis. The reaction mixtures contained Brilliant II SYBR Green QPCR Mix (Kapabiosystem). No reverse transcriptase and non-template controls were also included in the qRT-PCR analysis. Gene-specific oligonucleotides used are shown in Table 1 . The relative quantification of each transcript was calculated using the 2 − Ct method (Livak and Schmittgen 2001) and was normalized using the ACT1 gene as an internal control.
Standard ChIP assay
Yeast cells from wild-type BY4741 and HA-Znf1 tagged strains were grown as previously described for gene induction. The standard ChIP assays were performed as described Soontorngun et al., 2007) with minor modifications. Briefly, equal amounts of whole-cell extracts from each sample were incubated with anti-HA antibody (12CA5) (Roche, Germany) coupled with magnetic beads (Dynabeads, Norway). Following immunoprecipitation and cross-link reversal, DNA was purified and used for QPCR analysis with an ABI 7500 Real-Time PCR system (Applied Biosystem, USA) using the gene-specific oligos listed in Table 1 . The binding enrichments were calculated using the 2 − Ct method (Livak and Schmittgen 2001) , and the values were normalized with the non-tagged strain.
Biochemical methods and analyses
Wild-type FY73 and znf1 strains were grown in YNB (Yeast Nitrogen Base) medium containing 2% glucose medium overnight at 30
• C for biochemical analyses. Cells were washed twice with distilled water and transferred to YNB medium containing 2% glucose or 3% ethanol as a sole carbon source. Following growth for an additional 24 h, cells were harvested by centrifugation at 4000g for 10 min, washed once with distilled water, once with 50 mM Tris-HCl buffer (pH 7.5, 4
• C) and resuspended in the same buffer containing a protease inhibitor cocktail (Roche, Germany). Extracts were prepared by vortexing with glass beads six times for 2 min with 2 min intervals on ice. Whole cells and debris were removed by centrifugation at 14 000 g for 15 min at 4
• C. The supernatant was used as cell-free extract.
Phosphoenolpyruvate carboxykinase activity was measured as described in de Jong-Gubbels et al. (1995) : reaction mixtures (1 ml) contained 100 mM imidazole-HC1 buffer (pH 7.0), 50 mM NaHCO 3 , 2 mM MnCl 2 , 2 mM of reduced glutathione, 2.5 mM ADP, 0.3 mM NADH, 3 U malate dehydrogenase and cell-free extract containing 0.5 or 0.25 mg of total cellular protein. Reactions were started with 2.5 mM phosphoenolpyruvate (PEP) and kinetic parameters of phosphoenolpyruvate carboxykinase were determined from the disappearance of NADH measured at the wavelength of 340 nm.
Fructose 1,6-bisphosphatase activity was determined as described in de Jong-Gubbels et al. (1995) , with minor modification: reaction mixtures (1 ml) contained 100 mM imidazole-HC1 buffer (pH 7.0), 2 mM EDTA, 200 mM KCl, 10 mM MgSO 4 , 1 U phosphoglucose-isomerase, 1 U glucose-6-P-dehydrogenase, 2 mM NADP + and cell-free extract containing 0.5 or 0.25 mg of total cellular protein. The reaction was started with 0.5 mM fructose 1,6-bisphosphate. Kinetic parameters of fructose 1,6-bisphosphatase were determined from the appearance of NADPH as measured by monitoring absorbance at 340 nm. Measurements of ATP were carried out following extraction of this metabolite from the S. cerevisiae cells, using boiling ethanol and subsequent evaporation (Entian, Droll and Mecke 1983) . ATP concentrations were monitored using coupled enzymatic reactions with hexokinase and glucose-6-phosphate dehydrogenase (Ano et al., 2005) .
TEM analysis
The mitochondrial morphology of the wild-type FY73 and znf1 cells during the glucose-ethanol shift was observed using TEM (JEM-1230, Tokyo, Japan). Yeast cells were cultured in YPD medium until reaching mid-log growth phase (OD 600 of 0.7-1.0). Cells were harvested, washed twice with distilled water and grown in YPD medium, containing either 3% ethanol or 2% glucose (control), for an additional 3 h. Cell pellets were collected and washed twice with distilled water prior to being resuspended in 0.1 M potassium phosphate buffer (pH 7.2). Cells were then pre-fixed with 25% aqueous glutaraldehyde, followed by vigorous shaking and subsequent washing again with phosphate buffer. Cells were then post-fixed with 2% osmium tetraoxide (OsO 4 ), washed once with distilled water and stained with 1.5% aqueous uranyl acetate. The cell pellets were then collected dehydrated by a series of ethanol washes and resuspended in propylene oxide. The dehydrated cells were infiltrated with a mixture of epoxy resin prior to being embedded. Morphology and mitochondrial components were examined as described by Yonehara and Tani (1988) .
Confocal fluorescent microscopy (CFM) analysis
Wild-type BY4742 and znf1 strains were transformed with plasmid OXA1-RFP (as a mitochondrial marker) as described by Haim et al. (2007) using the lithium acetate method (Gietz et al., 1992) . Transformants were grown to mid-log phase at 30
• C in SDleucine medium containing 3% glucose and then shifted to SDleucine medium containing 3% ethanol as the sole carbon source and grown for an additional 2 h. Yeast cells were then taken directly for imaging under CFM (Fluoview FV10i-LIV confocal fluorescent microscope, USA). At least 100 granules from three independent transformants were observed for Oxa1-RFP localization. RFP (mCherry) visualization utilized excitation at 545 nm and emission at 560-580 nm. Representative live-cells images were collected at 60× magnification using an oil immersion objective.
Phenotypic screening of the znf1 cells
Wild-type FY73 and the isogenic znf1 strains were grown in YPD medium overnight at 30
• C. Yeast cells were harvested and resuspended in distilled water prior to being diluted to an optical density at 600 nm (OD 600 ) of 0.1. Identical volumes of serially diluted cell cultures at an OD 600 of 0.1, 0.02, 0.004 and 0.0008 were spotted onto the indicated agar plates, containing different carbon sources, including 2% glucose, 3% glycerol, 3% ethanol, 3% acetate, 0.125% oleic acid and 0.125% linoleic acid. For the acetic acid response, the wild-type FY73 and the znf1 strains were spotted on YP-glucose, YP-ethanol, YP-acetate and YP-glycerol plates, containing acetic acid at the final concentrations of 40 mM or 100 mM. To test for alkaline pH, strains were grown on glucose or ethanol plates containing 0.4 M HEPES (free acid) adjusted to pH 8.0 with NaOH. For osmotic stress, a final concentration of 1.0 M of sodium chloride (NaCl) or 1.5 M of potassium chloride (KCl) was added to the medium, containing glucose or ethanol as a sole carbon source. Growth was monitored after incubation at 30
• C for a period of 3-5 days. Assays were performed in triplicate and representative images are shown.
RESULTS
The Znf1 regulator activates the expression of non-fermentable carbon source utilizing genes in response to the ethanol shift
Saccharomyces cerevisiae adapts to glucose depletion by reprogramming the expression of genes in various pathways (DeRisi et al., 1997) . Impaired growth of the znf1 strain on some nonfermentable carbon sources (Akache et al., 2001 ) led us to hypothesize a role for Znf1 in controlling the expression of key genes, linked to non-fermentable carbon source utilization. In wild-type cells, following the glucose-ethanol shift, the expression of some genes required for utilization of non-fermentable carbon sources was dramatically upregulated as determined by qRT-PCR analysis (Fig. 1a) . These include some genes encoding key enzymes in gluconeogenesis, glyoxylate cycle, TCA cycle, as well as related pathways such as acetate/ethanol transport and glutamate degradation. We found that, in wild-type cells, ethanol strongly induces the expression of glucose-repressible genes, especially PCK1 (46.7-fold), FBP1 (30.2-fold), MLS1 (28.5-fold), MDH2 (21.8-fold), ICL1 (21.0-fold), ADY2 (17.9-fold) and GDH2 (14.9-fold) (Fig. 1a) . Our results are in agreement with previous reports showing elevated mRNA levels of the tested genes in the presence of non-fermentable carbon sources or upon glucose depletion (Schuller 2003; Turcotte et al., 2010) . Interestingly, ZNF1 expression is also increased by ethanol approximately 5-fold (Fig. 1a) , similar to the upregulation of HAP4 and SIP4 transcripts (DeRisi et al., 1997). Importantly, removal of the ZNF1 gene resulted in the reduced expression of several genes involved in non-fermentable carbon source utilization when cells were shifted from glucose to ethanol (Fig. 1b) . Transcripts with the greatest decreases in expression levels were MLS1 (4.3-fold) and then FBP1 (3.2-fold), ACO1 (2.7-fold), PCK1 (2.6-fold), ICL1 (2.3-fold) and approximately 2-fold for other genes, including MDH2 (malate dehydrogenase), SFC1 (succinate-fumarate transport), ADY2 (acetate and ethanol transport), GDH2 (glutamate dehydragenase), FUM1 (fumarat transport), CIT1 and CIT2 (citrate syntases 1 and 2) (Fig. 1b) . A summary of the relative expression and a description of Znf1 target genes identified using qRT-PCR are reported in Table S1 (Supporting Information).
The binding enrichment of Znf1 activator at promoters of some key genes involved in gluconeogenesis, glyoxylate shunt and TCA cycle
Here, we performed a standard ChIP assay using HA tagged-Znf1 under conditions in which cells were shifted from glucose to ethanol containing medium. A substantial binding enrichment of Znf1 was found at promoters of genes necessary for utilization of non-fermentable sources. The identified promoters include those for FBP1 (fructose 1, 6-bisphosphatase), PCK1 (phosphoenolpyruvate carboxykinase), MDH2 (malate dehydrogenase) as well as ICL1 (isocitrate lyase) and MLS1 (malate synthase). These genes encode key enzymes in the gluconeogenesis and glyoxylate cycle pathways (Fig. 2a) . The binding enrichment of Znf1 at the promoter of ACO1 encoding an enzyme aconitase of TCA cycle was also found (Fig. 2a) . In contrast, ACT1 or GND1, which are not regulated by Znf1, did not reveal any binding enrichment for Znf1 binding (Fig. 2a) . Our ChIP analysis results indicated that Znf1 is enriched at promoters of genes in central pathways for utilization of non-fermentable compounds, and not exclusively those for ethanol utilization. The binding enrichment of Znf1 is found at positions upstream of the ATG start codons on promoters of FBP1 (between -600 and -350 bp), PCK1 (between -450 and -150 bp), MDH2 (between -500 and -300 bp), MLS1 (between -650 and -300 bp), ICL1 (between -500 and -200 bp) and ACO1 (between -650 and -350bp) as shown in Fig. 2b .
Deletion of ZNF1 results in reduced Pck1 and Fbp1 enzymatic activities
The PCK1 and FBP1 genes encode the key gluconeogenic enzymes phosphoenolpyruvate carboxykinase and fructose-1,6-bisphosphatase, respectively. Our qRT-PCR and ChIP analyses established the direct role of the Znf1 regulator in controlling PCK1 and FBP1 expression during growth on a gluconeogenic carbon source, ethanol (Fig. 1b) . We further showed that Pck1 and Fbp1 activities are acutely sensitive to glucose and that their activities increase rapidly when shifted from glucose to ethanol (Fig. 3) . The Pck1 activity was found to be low and less than 20 mU mg −1 of protein in the presence of glucose (Fig. 3a) . In the wild-type strain, ethanol strongly enhanced Pck1 activity more than nine times to 180 mU mg −1 of protein after 24 h of incubation (Fig. 3a) . Deletion of ZNF1 resulted in reduction of Pck1 activity to less than 20 mU mg −1 of protein in glucose and 40 mU mg −1 of protein in ethanol (Fig. 3a) . Deletion of ZNF1 resulted in repressed Pck1 activity, to the level of activity observed during glucose repression. This finding suggests the importance of the Znf1 regulator in maintaining Pck1 activity following ethanol induction. Similarly, in glucose, Fbp1 activities of both wild-type and znf1 strains were nearly absent, i.e. less than 1 mU mg 6 mU mg −1 of protein (Fig. 3b) . Overall, the enzymatic activities of Pck1 and Fbp1 following the ethanol shift depend on the Znf1 regulator.
Defective mitochondrial morphology in cells lacking ZNF1
The mitochondrion is a vital site for oxidative metabolism and energy production during the non-fermentable mode of growth. Different types of carbon sources have been shown to affect mitochondrial morphology, integrity and biogenesis, which unavoidably interfere with the ability of cells to utilize nonfermentable carbon sources. (Visser et al., 1995) . The observed poor growth of the znf1 strain on some non-fermentable carbon sources (Akache et al., 2001 ) prompted us to further investigate for the presence of mitochondrial defects. Yeast cells were first cultured in YP-glucose, and then transferred to either fresh YP-glucose or YP-ethanol medium and grown for an additional 3 h prior to being subjected to TEM analysis. Our results demonstrated that the average number of mitochondria was slightly increased when cells were grown in ethanol (Table 2 and Fig. 4 ). Both wild-type and znf1 cells exhibited increased mitochondrial content in ethanol (3-6 mitochondria/cell) compared to glucose (2-4 mitochondria/cell) ( Table 2 and Fig. 4a-d) . Some differences in mitochondrial size were also observed between the wild-type and the znf1 cells. Wild-type ethanol-grown cells had slightly smaller mitochondria than the ones observed in the glucose-grown cells (Table 2 ), in agreement with previous observations (Visser et al., 1995) . Deletion of the ZNF1 gene resulted in a further reduction in mitochondrial size (Table 2) . Importantly, following the glucose-ethanol shift, the znf1 cells also displayed irregular mitochondrial morphology with hollow spheres and unclear structure of mitochondrial inner membrane cristae (Fig. 4d) . This is in stark contrast to the normal, fully-developed cristae structures found for the wild-type cells (Fig. 4c) . To confirm our TEM results, we also monitored fluorescence of a mitochondrial marker protein, Oxa1-RFP, using confocal fluorescent microscopic analysis. Oxa1 functions as an insertase that facilitates the insertion of both mitochondrial and nuclearencoded proteins into the inner mitochondrial membrane and is itself localized to the mitochondrial inner membrane cristae (Haim et al., 2007) . We expressed the RFP-tagged OXA1 under the strong constitutive ADH1 promoter into the wild-type and the znf1 cells to visualize the structure of mitochondrial inner membrane. The percentage of cells with mitochondrial localized Oxa1-RFP in living wild-type cells was found to be nearly 90% of total cells in both glucose and ethanol cultures (Table 2, Fig. 5a and c). In the znf1 strain, Oxa1-RFP localization in glucosegrown cells was similar to that observed in the wild-type cells (virtually 90% of total cells) ( Table 2 and Fig. 5b ). In contrast, the znf1 cells grown in ethanol displayed significant reduction of mitochondrial Oxa1-RFP localization, with only approximately 70% of total cells showing an RFP signal (Table 2 and Fig. 5d ). Our TEM and confocal results together clearly indicated that ZNF is important for proper morphology and structural integrity of mitochondria during the glucose-ethanol shift.
The znf1 strain exhibits low ATP levels
During aerobic growth on non-fermentable carbon sources, cellular ATP production relies heavily on the TCA cycle and oxidative phosphorylation via the electron transport chain, which occur at the mitochondrial inner membrane. Given that ethanolgrown znf1 cells showed defective mitochondrial morphology and had low levels of Oxa1-RFP signal (Figs 4 and 5) , we questioned whether the intracellular ATP concentration was also affected by the deletion of ZNF1. To examine the ATP content, the wild-type and znf1 cells were first grown in glucose and then shifted to either glucose or ethanol and re-grown for an additional 3 or 24 h. The ATP content of the wild-type cells shifted to fresh glucose was measured and found to be approximately 14 μM mg −1 of biomass after 3 h but then was reduced to 10 μM mg −1 of biomass after 24 h (Fig. 6) . Interestingly, after 3 h of incubation in ethanol, wild-type cells also had an ATP content of 10 μM mg −1 of biomass, that was comparable to the ATP level found for glucose grown cells after 24 h of starvation (Fig. 6) . At 24 h of incubation in ethanol, wild-type cells showed a drastic reduction of ATP content to approximately 4 μM mg −1 of biomass (Fig. 6 ). Early on, at 3 h of incubation, both glucose-and ethanolgrown cells carrying the ZNF1 deletion exhibited low ATP levels, approximately 6 μM mg −1 of biomass (Fig. 6) . Strikingly, after a prolonged incubation of 24 h, the znf1 cells showed a further decrease in ATP levels to approximately 3 μM mg −1 of biomass, regardless of the type of carbon source (glucose or ethanol). The ATP content in znf1 cells was lower than that observed in wildtype cells after 24 h of glucose depletion or in the presence of ethanol (Fig. 6) . Our results strongly suggest that ZNF1 is required for maintenance of intracellular ATP level, both in the presence of glucose as well as ethanol. Overall, acute reduction in intracellular ATP content is another important cause for the impaired ability of znf1 strain to use ethanol as an alternative carbon source for energy generation when glucose is depleted.
Znf1 involvement in mediating carbon source utilization and stress tolerance
To further establish the function of Znf1 in non-fermentable carbon source utilization, growth tests for the znf1 strain were performed with additional non-fermentable carbon sources, including ethanol, glycerol, acetate and fatty acids, oleic and linoleic acids, as a sole carbon source. Our results showed that the znf1 strain displays impaired growth on plates containing all non-fermentable carbon sources tested (Fig. 7a) , including those previously reported by Akache et al. (2001) . Thus, Znf1 (in the FY73 background) is essential for growth during non-fermentable carbon source utilization, clearly establishing the metabolic function for Znf1 regulator.
To uncover Znf1 participation in the response to other types of stress conditions, additional growth tests were performed with several stress condition in combination with nonfermentable carbon sources. Interestingly, the znf1 strain also displayed increased sensitivity on plates containing weak acids, especially when the sole carbon source was non-fermentable carbon sources (Fig. 7b) . Approximately 100 mM acetic acid was required to inhibit growth of the znf1 strain on glucose plate, whereas as low as 40 mM concentration of acetic acid was sufficient when non-fermentable carbon sources were used as the sole carbon source (Fig. 7b) . Strikingly, while normal growth was observed on glucose containing medium, the znf1 completely failed to grow at an alkaline pH of 8.0 (Fig. 7b) . Increasing sensitivity of the znf1 to acetic acid and alkaline pH on several non-fermentable carbon source indicates the importance of Znf1 in cellular adjustment to pH stresses, occurring during the non-fermentative metabolism (Fig. 7b) . Similarly, the znf1 strain exhibited impaired growth under salt stress in the presence of 1.0 M NaCl or 1.5 M KCl on glucose and growth was totally abolished on ethanol, acetate and glycerol plates (Fig. 7b) . High osmotic stress induces the expression of genes in the HOG (highosmolarity glycerol response) signaling pathway, including GPD1 and HSP12 encoding enzyme involved in glycerol synthesis and a heat shock protein, respectively (Albertyn et al., 1994; Varela et al., 1995; Rep et al., 1999b) . We also employed a gene expression analysis via qRT-PCR to investigate expression of three HOGregulated genes. The results showed that expression of GPD1 is induced by approximately 4.2-and 3.9-fold, following treatments of 0.5 M of NaCl at 30 and 60 min of induction (Fig. 8) . Similarly, expression of HSP12 was induced by approximately 2.5-and 2.1-fold after treatments (Fig. 8) . Importantly, deletion of ZNF1 gene resulted in approximately 2-fold decrease in the expression of GPD1 and HSP12 (Fig. 8) . We also examined the expression of ENA1 encoding a plasma membrane Na+-ATPase exporter. Expression of ENA1 was induced by approximately 6.5-and 4.0-fold after 30 and 60 min exposure to 0.5 M of NaCl (Fig. 8) . Deletion of ZNF1 resulted in 3.0-and 2.7-fold reduction in ENA1 expression after 30 and 60 min induction. These results suggest that the Znf1 regulator contributes to stress protection in glucose and especially during non-fermentative metabolism.
DISCUSSION AND CONCLUSIONS
In this study, we investigated the direct function for the Znf1 regulator in oxidative metabolism during the non-fermentative mode of growth, in particular following the glucose-ethanol shift. The expression of ZNF1 is found to be co-regulated with its corresponding gene targets in gluconeogenesis, glyoxylate and TCA cycles as well as genes important for respiratory growth shown in Fig. 9 and Table S1 (Supporting Information).
Close examination of Znf1 targets revealed some important insights into its metabolic function. First, Znf1 participates in the induction of the acetate transporter gene ADY2 (Fig. 9) , encoding a key transporter that allows for the passage of C2-compounds acetate and ethanol. Other targets of Znf1 encode key enzymes that maintain carbon flux between the glyoxylate and the TCA cycles as well as those involved in gluconeogenesis. Removal of ZNF1 strongly reduces the level of MLS1 transcripts and to different extents the ICL1, CIT2, ACO1 and MDH3 transcripts of this pathway (Fig. 9) . The expression of genes encoding proteins that function in the TCA cycle was also reduced in the znf1 strain (Fig. 9) . CIT1 encodes citrate synthase, the first and the rate-limiting enzyme of the TCA cycle, while ACO1 encodes aconitase that has dual catalytic functions in both the TCA and glyoxylate cycles. In addition, Aco1 also plays an important role in maintenance of mitochondrial DNA (McCammon et al., 2003; Chen and Butow 2005) while FUM1 encodes an enzyme fumarase that is involved in the synthesis of malate. Removal of Znf1 also lowers the expression level of SFC1 (Fig. 9) , encoding the succinate-fumarate transporter that has a central role in connecting the TCA cycle to the gluconeogenic pathway. These TCA cycle enzymes also functionally interact with other proteins located within or outside of the mitochondria. Znf1 is also involved in the upregulating expression of gluconeogenic genes, encoding key enzymes that are indispensable during non-fermentable carbon source utilization (Fig. 9) . These include Fbp1 which converts fructose-1,6-bisphosphate to glucose-6-phosphate, Pck1 which transforms oxaloacetate to PEP and Mdh2 which generates oxaloacetate from malate (Klein, Olsson and Nielsen 1998) . The expression of the GDH2 gene involved in glutamate degradation is also dependent on Znf1. Gdh2 encodes glutamate dehydrogenase, which degrades glutamate to form alpha-ketoglutarate, an important intermediumte of the TCA cycle, and in ammonia formation. Expression of GDH2 is also sensitive to nitrogen catabolite repression and intracellular ammonia levels (Soussi-Boudekou and André 1999). Interestingly, ammonia is an important signaling molecule for synchronization of colony growth during alkalinization of non-fermentable carbon sources following glucose stravation (Palkova et al., 1997) . Overall, our results clearly indicate that Znf1 partially controls the transcription of genes at several critical points in the regulation of non-fermentative metabolism.
The role of Znf1 in non-fermentative metabolism is direct as demonstrated by ChIP analysis. The binding enrichment of Znf1 at promoters of some key genes involved in the glyoxylate cycle (MLS1 and ICL1), gluconeogenesis (FBP1, PCK1 and MDH2) and TCA cycle (ACO1) is uncovered ( Fig. 2 and Table S1 , Supporting Information). With the exception of the ACO1 promoter, DNA regions enriched for Znf1 binding (Fig. 2b) contain the CSRE and UAS elements previously shown to be important for gene induction. These elements located on promoters of the glyoxylate cycle and gluconeogenesis have been shown to be bound and regulated by transcriptional regulators Cat8, Sip4, Rds2 or Adr1 during the de-repression state (Roth and Schuller 2001; Young et al., 2003; Roth et al., 2004; Tachibana et al., 2005; Soontorngun et al., 2012) . For the TCA cycle, the heme-activated activator Hap4 appears to play a central role in controlling gene expression in response to the glucose level. The multimeric enzyme regulatory complex Hap2/3/5 binds to the 5 -CCAAT-3 consensus elements within the promoters of its target genes (Buschlen et al., 2003) . The binding enrichment of Znf1 at the ACO1 promoter is found in the vicinity of the binding site of the Hap2/3/5 complex (Fig. 2b) , though it is not known whether Znf1 is interacting with this regulatory complex or the CCAAT element. Nevertheless, it is clear that Znf1 shares many target genes with regulators of alternative carbon source utilization such as Cat8, Sip4, Rds2 and Hap4 (Table S1 , Supporting Information). Regarding regulatory hierarchy, Cat8 and Rds2 are shown to be upstream regulators that directly control the expression of SIP4 and HAP4, encoding other regulatory genes for this metabolic process (Tachibana et al., 2005; Soontorngun et al., 2007 Soontorngun et al., , 2012 . Similar to what was observed for SIP4 and HAP4 transcripts, the expression of ZNF1 appears to be repressed by glucose and co-regulated with its corresponding gene targets (Fig. 1) , implying its position as the downstream regulator, acting in response to ethanol induction. More experiments on Znf1 activation, post-translational modifications and interactions with other proteins are required to gain insight into this highly complex metabolic process.
In addition to directly altering the expression of genes encoding metabolic enzymes important for various pathways, loss of Znf1 also affects enzymatic activities as demonstrated by reduction of Pck1 and Fbp1 activities in the znf1 strain during the glucose-ethanol shift (Fig. 3) . Pck1 encodes a key metabolic enzyme that plays diverse roles not only in gluconeogenesis but also catalyzes a range of anaplerotic reactions and is involved in amino acid metabolism, responsible for conversion of oxaloacetate derived from asparagine or aspartate to glutamate and glutamine in the form of 2-oxaloglutarate (Lea et al., 2001) . PEPCK-C, a conserved Pck1 homolog in mammals, has also been shown to perform additional critical functions in coupling energy production to biosynthetic process by balancing the carbon flux of the TCA cycle and is also shown to be involved in glyceroneogenesis in adipose tissue (Hakimi et al., 2005) . Thus, sharp reduction in activity of this important enzyme Pck1 in the znf1 strain likely affects not only biosynthesis of PEP during metabolism of nonfermentable carbon sources but may also have a vast impact on other metabolic processes as well as on the overall cellular homeostasis.
Furthermore, the mitochondrial morphology of the znf1 strain during the ethanol shift is also altered with significant reduction of cristae content and Oxa1-RFP granule localization ( Figs 4 and 5) . Secondly, the znf1 strain resembles a mutant strain lacking the auxiliary factor Oxa1 (Bourges et al., 2009) , which displays impaired growth on nonfermentable carbon sources (Fig. 6a) , as well as compromised respiratory function due to repression of respiratory chain and TCA cycle genes (Fig. 1b and Table S1 , Supporting Information); thereby, providing a correlation between an alteration of mitochondrial morphology and decreased mRNA levels. Activator Hap4 is also shown to play a role in the controlling expression of genes in the TCA cycle, the respiratory chain and energy generation in response to mitochondrial defects and changes in carbon sources (DeRisi et al., 1997; Buschlen et al., 2003) . Thirdly, Znf1 may share function with Hap4 in controlling response to respiratory deficiency. In fact, mutants with deletion in Hap4 target genes showed defective mitochondrial morphology (Buschlen et al., 2003) , similarly observed for the znf1 strain (Figs 4 and 5) . Fourthly, the znf1 strain displays decreased levels of the important metabolite and signaling molecule ATP (Fig. 6 ), known to have a profound effect on energy status and cellular homeostasis. Many of Znf1 target genes encode the TCA and glyoxylate cycle enzymes that catalyze a series of biochemical reactions necessary for formation of various metabolic precursors as well as electron carriers of the electron transport system (proton pump) (Fig. 9 and Table S1, Supporting Information). Thus, impaired mitochondrial morphology also prevents the znf1 strain from producing and maintaining the cellular reservoir of ATPs, resulting in low ATP levels (Fig. 6 ) and, ultimately failure to grow on non-fermentable carbon sources (Fig. 7a) .
In addition to the results presented, other causes for the znf1 phenotypes during non-fermentable carbon source utilization are possible such as changes in the expression of genes involved in mitochondrial morphology, ATP synthesis, respiration or oxidative stress, as well as blockage of localization and translation or degradation of mRNAs in defective mitochondria. The severe phenotypes of the znf1 strain may be a consequence of multiple factors. Nevertheless, it is clear that Znf1 not only plays a role in reprogramming the expression of metabolic genes in response to carbon source change but also provides a link between structural changes in mitochondrial morphology to ATP maintenance. Thus, overall results support the function of Znf1 in alternative carbon source utilization and implicate it as a new member of this regulatory network in addition to those regulators previously identified [For a review, see (Gancedo 1998; Schuller 2003; Turcotte et al., 2010)] This study also reveals Znf1 involvement in the adaptive responses to pH and osmotic stresses. Previous reports have shown that there are two different phases of cellular adaptation in response to carbon source alteration. When yeast cells are grown on the non-fermentable carbon sources or under glucose depletion, they first alkalize the microenvironment, resulting in slow growth but enhanced cell survival under stress. However, after prolonged growth on the non-fermentable compounds (e.g. acetate, ethanol and glycerol), cells experience oxidative stress generated by low pH, a phenomenon known as the 'acid burst' (Baron et al., 2013) . Interestingly, Znf1 was recently reported in a high-throughput ChIP-chip and gene knockout study of transcription factors and it appears to co-operate in the network of regulators that mediate stress tolerance (Yang et al., 2010) . Despite it remains unknown whether regulation of some osmotic stress genes (Fig. 8) is directly governed by Znf1 or indirectly via other regulatory proteins of stress responsive pathways (Rep et al., 1999a; Yang et al., 2006) . It is clear that Znf1 is another regulator that mediates transcriptional activation in response to osmotic stress and provides a connection to the HOG pathway. Notably, many gluconeogenic activators are substrates of the Snf1 kinase, which plays roles in glucose derepression, as well as in general stress responses (Hedbacker and Carlson 2008) . The hypersensitivity observed for the znf1 strain may be directly caused by impaired stress-activated transcription or indirectly, for instance, by a general depletion of the cellular ATP pool as shown in some mitochondrial mutants during osmotic stress (Pastor, Proft and Pascual-Ahuir 2009) or hyperaccumulation of reactive oxygen species due to mitochondrial defects.
Finally, our study clearly reveals the direct role and target genes of Znf1 in association with non-fermentable carbon source metabolism, in particular during ethanol utilization, as well as its functions in maintaining cellular ATP content, gluconeogenic enzymatic activities, proper mitochondrial morphology and survival under pH and osmotic stresses. It is evident that the action of Znf1 is important to coordinate regulatory responses against unfavorable changes encountered during the course of carbon starvation and unfavorable environments in the model yeast S. cerevisiae.
